A growing number of electrochemical technologies depend on fluid flow, and often that fluid is opaque. Measuring the flow of an opaque fluid is inherently more difficult than measuring the flow of a transparent fluid, since optical methods are not applicable. Ultrasound can be used to measure the velocity of an opaque fluid, not only at isolated points, but at hundreds or thousands of points arrayed along lines, with good temporal resolution. When applied to a liquid metal electrode, ultrasound velocimetry involves additional challenges: high temperature, chemical activity, and electrical conductivity. Here we describe the experimental apparatus and methods that overcome these challenges and allow the measurement of flow in a liquid metal electrode, as it conducts current, at operating temperature. Temperature is regulated within ±2 °C using a Proportional-Integral-Derivative (PID) controller that powers a custom-built furnace. Chemical activity is managed by choosing vessel materials carefully and enclosing the experimental setup in an argon-filled glovebox. Finally, unintended electrical paths are carefully prevented. An automated system logs control settings and experimental measurements, using hardware trigger signals to synchronize devices. This apparatus and these methods can produce measurements that are impossible with other techniques, and allow optimization and control of electrochemical technologies like liquid metal batteries.
Introduction
Liquid metal batteries are a promising technology for providing large-scale energy storage on worldwide electrical grids 1 . These batteries offer high energy density, high power density, long cycle life, and low cost, making them ideal for grid-scale energy storage 3 . Introducing liquid metal batteries to the energy grid would allow peak shaving, improve grid stability, and enable much more widespread use of intermittent renewable sources like solar, wind, and tidal power. Liquid metal batteries are composed of two liquid metal electrodes separated by a molten salt electrolyte, as described in greater detail in prior work 1 . Though many different combinations of metals and electrolyte can result in a working liquid metal battery, the principles of operation remain the same. The metals are chosen such that it is energetically favorable for them to form an alloy; thus alloying discharges the battery, and de-alloying charges it. The salt layer is chosen so that it allows metal ions to pass between the two electrodes, but blocks transport of neutral species, thereby affording electrochemical control of the system. This work will advance liquid metal battery technology by quantifying and controlling mass transport effects. The methods described here are informed by electrochemical methods developed for liquid metal batteries by Sadoway et al. [1] [2] [3] [4] as well as earlier liquid metal battery work at Argonne National Laboratory 5, 6 , and the work of the broader electrochemical community (Bard and Faulkner 7 provide many relevant references).
The methods described here also build upon prior fluid dynamics studies. Ultrasound velocimetry was developed and first used in water 8, 9 and has since been applied to liquid metals including gallium 10, 11 , sodium 12, 13 , mercury 14 , lead-bismuth 15 , copper-tin 15 , and lead-lithium 16 , among others. Eckert et al. provide a useful review of velocimetry in liquid metals 17 . the general difficulty of working at such temperatures, a surrogate system has been chosen for initial study: a liquid metal battery may also be made using sodium as the negative electrode, eutectic 44% lead 56% bismuth (hereafter, ePbBi) as the positive electrode, and a triple eutectic mix of sodium salts (10% sodium iodide, 38% sodium hydroxide, 52% sodium amide) as the electrolyte. Such a battery is entirely molten above 127 °C, making it much more amenable to laboratory study. Because it is composed of three liquid layers separated by density, it is subject to the same physics as other liquid metal batteries. And it is compatible with readily available ultrasound transducers, which are rated to 230 °C, involve no waveguide losses, and cost much less than high-temperature transducers. These experiments typically take place at 150 °C. At that temperature, ePbBi has viscosity ν = 2.79 x 10 -7 m 2 /sec, thermal diffusivity κ = 6.15 x 10 -6 m 2 /sec, and magnetic diffusivity η = 0.8591 m 2 /sec, such that its Prandtl number is Pr = ν/κ = 4.53 x 10 -2 and its magnetic Prandtl number is Pm = ν/η = 3.24 x 10 -7
.
Though this low-temperature liquid metal battery chemistry makes flow studies much easier than they would be in hotter batteries, temperature must nonetheless be managed carefully. Being delicate electro-acoustic devices, ultrasound transducers are susceptible to damage by thermal shock, and therefore must be heated gradually. High-quality ultrasound measurements also require careful temperature regulation. Ultrasound velocimetry works like sonar, as shown in Figure 1 : the transducer emits a beep (here, the frequency is 8 MHz), then listens for echoes. By measuring the time of flight of the echo, the distance to the echoing body can be calculated, and by measuring the Doppler shift of the echo, one component of the body's velocity can also be calculated. In water, tracer particles must be added to produce echoes, but no tracer particles are required in liquid metals, a fact that is not understood in detail but is typically attributed to the presence of small metal oxide particles. Each measurement is an average over all tracer particles in an interrogation volume; in this work, its minimum diameter is 2 mm, at a distance 30 mm from the probe. Though oxidation may eventually limit the duration of experiments, using the methods described below, we have made measurements continuously for as long as 8 hr.
Calculating either distance or velocity requires knowing the speed of sound in the test fluid, and that speed varies with temperature. Accordingly, temperature is measured continually with at least three K-type thermocouples, logging their measurements electronically with a computer-based acquisition device and a custom-written LabView program. The program also controls the power supply that provides battery current, via a USB connection; logs the battery current and voltage; and sends trigger pulses to the ultrasound instrument, so that its data can be synchronized with the other measurements. A system diagram is shown in Figure 2 . Heat is provided by a custom-built furnace (also shown in Figure 2 ), which contains two 500-W industrial heating elements powered by a relay switched by a proportional-integral-differential (PID) controller. The base plate that supports battery cells is made of solid aluminum; because its thermal conductivity is an order of magnitude higher than the thermal conductivity of the stainless steel battery cell vessel and the ePbBi it contains 19 , the temperature of the furnace floor is approximately uniform. Moreover the aluminum base doubles as a path for the electrical currents passing through the electrode. Its electrical conductivity is also an order of magnitude higher than that of stainless steel or ePbBi, so the voltage of the furnace floor is also approximately uniform. Insulating legs separate the base from the bench top below, preventing burns and shorts. The sides of the battery vessel are insulated with silica ceramic insulation, cut to fit the vessel closely but leave room for accessing the cell's ultrasound port. Finally, a polytetrafluoroethylene (PTFE) lid insulates the cell from above and holds the negative current collector and thermocouples in place. Though commercially-available hot plates can achieve the temperatures required for these experiments, our custom-built furnace maintains temperature with an order of magnitude less variation, and also allows us to measure heat power directly.
In addition to challenges associated with temperature, there are challenges associated with chemical activity. At 150 °C, an ePbBi positive electrode is chemically compatible with many common materials. A sodium negative electrode, however, corrodes many materials, oxidizes readily, and reacts vigorously with moisture. A lithium negative electrode is also aggressive, especially because lithium-based liquid metal batteries typically run at much higher temperatures. Though those higher-temperature systems are outside the scope of this work, many of the same measures for managing chemical activity are used here as in those systems. All experiments described here take place in an argonfilled glovebox containing only trace amounts of oxygen or moisture. The battery vessel is made from alloy 304 stainless steel, which corrodes minimally even with lithium at 550 °C. The thermocouples and negative current collector are also made from stainless steel. The vessel geometry is chosen to match vessels used for electrochemical testing of liquid metal batteries, to model as closely as possible the systems that are being commercialized. The vessel, shown in Figure 2 , is cylindrical, with an 88.9 mm inner diameter and a 67 mm depth. All vessel walls are 6.4 mm thick. The vessel differs from those used for earlier experiments, however, in that it has an ultrasound port. The port passes through the side wall along a horizontal diameter of the cylinder, and the center of the port is 6.6 mm above the vessel floor. The port is 8 mm in diameter to accommodate an 8 mm ultrasound transducer, and seals around the transducer with a swage. In these experiments, the liquid metal electrode is just deep enough to cover the ultrasound transducer, typically 13 mm.
In order to achieve strong ultrasound signals, one requires good acoustic transmission between the ultrasound transducer and the fluid it probes (ePbBi). Maximum acoustic power is transmitted when the acoustic impedance of the transducer material and the test fluid are identical; when the impedances differ, signals suffer. Placing an ultrasound transducer in direct contact with clean ePbBi (as made possible by the port described above) provides ample signal, often for hours at a time. Metal oxides, however, have very different impedance, and may also interfere with wetting by altering the surface tension. If the ePbBi is substantially oxidized, ultrasound signals degrade and soon disappear. Again, an inert atmosphere is essential. If trace amounts of oxygen cause some oxidation nonetheless, the surface of the metal oxide is skimmed before transferring ePbBi into the battery vessel.
Finally, these experiments present challenges because of the presence of electrical currents. Though the currents are our central scientific and technological interest, they are large enough (30 A) to cause damage if incorrectly routed. Ungrounded thermocouples ensure that harmful electrical currents do not pass through the data acquisition device or the computer that supports it, because ungrounded thermocouples have no internal electrical connection from the protective sheath to either signal wire. Likewise it is essential to use ungrounded ultrasound transducers (Signal-Processing SA, TR0805LTH) to prevent stray current from damaging the valuable ultrasound instrument (Signal-Processing SA, DOP 3010). As mentioned previously, the base of the furnace serves to conduct electrical current, and must also be electrically isolated from its surroundings.
In the ePbBi electrode, current causes ohmic heating, potentially disrupting the temperature. Thus the automated thermal control system must be able to adjust to changes in heat input. Figure 3 shows how the temperature of the ePbBi electrode varies as current flows through it, and how the PID controller adjusts to compensate. Maintaining steady temperature with large currents (50 A = 800 mA/cm) would require additional cooling, but at the lower currents more realistic for liquid metal batteries in industrial applications (typically 17 A = 275 mA/cm 1 ), the controller is able to compensate for ohmic heating and hold temperature variation to 2 °C.
Protocol

System Setup and Assembly
1. Clean the ultrasound transducer with isopropanol. 2. Load the glovebox.
1. Load required equipment and materials (including ultrasound transducer, ePbBi, stir stick, and thermocouples) into the glovebox, following the instructions of the glovebox manufacturer to minimize ingress of oxygen and moisture. 2. Keep porous materials under vacuum in the glovebox antechamber for 12 hr before entering the glovebox.
Tune the PID controller (first time only).
1. Place the same quantity of solid ePbBi into the battery vessel that will be used in experiments (840 g). 2. Place the furnace insulation around the battery vessel if it is not already there, and place the lid atop the battery vessel, along with the negative current collector and thermocouples. 3. Make all electrical connections for thermocouples and furnace power, as shown in Figure 2B . 4 . Initiate automatic tuning of the PID controller, using 150 °C as the set point. Note: the details of this step will differ, depending on the PID controller manufacturer and model. The controller used here auto-tunes by controlling four full thermal cycles, from RT to operating temperature, over a course of hours. 1. Use the arrow keys to adjust the set point (shown by default after tuning the controller) to 150 °C. 2. Press and hold the loop button for 3 sec to enter the hidden loop. Then press the loop button repeatedly until the controller screen shows "tUnE". Use the arrow keys to change it to YES.
5. Insert a thermocouple and use the workstation to monitor and log temperature. 6. Once auto-tune is complete, record the Proportional, Integral, and Derivative parameters that the PID controller has automatically selected by using the controller interface, according to the manufacturer's instructions.
Sound Speed Measurement
1. Use the furnace to melt enough ePbBi for the experiment, at least 400 g. Note: required amount will vary for different equipment, and ePbBi melts at 125 °C. 1. If necessary, remove excess oxide by skimming it from the top surface of the ePbBi using a stir stick. 2. Insert an ultrasound transducer into the sound speed measurement device and tighten the swage connection to prevent leaks, then insert a thermocouple and use the workstation to monitor and log temperature.
2. Transfer molten metal to the sound speed measurement device. 1. Place the sound speed measurement device on the furnace base and leave it there for 2 min to gradually increase the temperature and avoid thermal shock. 2. Prepare for a safe transfer by removing heat-sensitive equipment or materials from the area. 3. Add small amounts of molten metal at a time, because thermal shock can damage the ultrasound transducer. Add ePbBi until the transducer face and micrometer head are both completely submerged. 4. Wait until the temperature remains stable within 1 °C for at least 5 min before beginning measurements, since sound speed depends on temperature.
3. Measure ultrasound echoes at two locations. 1. Set the micrometer tip to an arbitrary but known location. Record ultrasound echo measurements, following the instructions provided by the instrument manufacturer. 2. Using the micrometer dial, move the micrometer tip by a known distance. Record ultrasound echo measurements.
4. Remove the molten metal from the sound speed measurement device and store it in a heat-tolerant container. 5. To determine sound speed, plot echo amplitude as a function of echo time for each of the two measurements. Locate the echoes by fitting a Gaussian curve to each echo peak, as in Figure 4 . Calculate sound speed by dividing displacement distance by the difference in echo peak times.
Representative Results
The procedure for measuring sound speed (described in detail above) was adapted from methods used by Signal-Processing SA. In principle, sound speed can easily be obtained by measuring the time of flight of an echo from a wall at known range. But precisely measuring the effective location of the transducer face is difficult, so instead one can measure time of flight twice, using a micrometer to displace the wall by a known distance between measurements. That displacement distance, and the difference in the measured time of flight, together yield sound speed. The apparatus used for measuring sound speed in these experiments is shown in Figure 4A . A measurement of sound speed in ePbBi is shown in Figure 4B . Each curve showing measured echo is an average over 98 profiles spanning 7.4 sec. Each echo peak is fit to a Gaussian curve (shown), which makes use of many data points and therefore locates the echoing wall much more precisely than finding a single maximum. Knowing the echo times, and knowing that the echoing wall was displaced 2.54 mm between measurements, the calculated sound speed is 1,793 m/sec at 138 °C, in reasonable agreement with the value accepted by the Nuclear Energy Agency
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, which is 1,768 m/sec. In the measurements below, NEA sound speed was used.
One ultrasound velocity trace, recorded without current in the electrode, is shown in Figure 5A . Here the spatial coordinate system has its origin at the center of the battery vessel, and the transducer on the negative side of the origin, such that positive velocities signify flow away from the transducer, and negative velocities signify flow toward the transducer. Though ultrasound measurements along one diameter do not give us knowledge of the flow everywhere, the measurements are consistent with a collection of convection rolls, as sketched in Figure 5C .
By representing positive velocities in shades of red and negative velocities in shades of blue, time can be plotted on the vertical axis, to make space-time plots of the sort shown in Figure 6A , which convey temporal variation of the flow. Here again, the current is zero. As is evident from the various shapes of red and blue regions, this flow is disordered and aperiodic, consistent with what is expected from turbulent convection. The mean flow is plotted in Figure 6B , and one standard deviation is also indicated.
Finally, Figure 7 shows ultrasound velocity measurements with current running through the electrode (in this case, 125 mA/cm). As described in more detail elsewhere 
Discussion
Ultrasound techniques can produce velocity measurements at hundreds or thousands of locations in a transparent or opaque fluid, many times per second. Applied to a liquid metal electrode, ultrasound techniques encounter challenges of high temperature, chemical activity, and electrical conductivity. The methods for overcoming those challenges and measuring flow in active liquid metal electrodes have been described. First, an electrode material subject to the same physics as high-temperature liquid metal battery electrodes (550 °C) but operational at much lower temperatures (150 °C), eases challenges related to temperature. A custom-built furnace and tuned control system was used to hold the electrode temperature steady within 2 °C. To mitigate undesired chemical activity, all experiments take place in an argon-filled glovebox and choose chemically inert materials for system components (often stainless steel). For optimum ultrasound response, transducers are placed in direct contact with the liquid metal test fluid. And electrical currents are routed carefully to avoid ground loops that could damage valuable instruments.
Ultrasound velocimetry has limitations in liquid metals. Standard probes are not rated for temperatures above 250 °C, excluding their use in many metal melts. Ultrasound velocimetry does not produce data sets as rich as those available using optical techniques like particle tracking 24, 25 , and single-transducer ultrasound techniques of the sort described here measure only one component of the velocity, and only along one line. Features smaller than the ultrasound wavelength (209 µm in ePbBi at 150 °C with 8 MHz emissions) cannot be resolved. For ultrasound measurements in large systems, signal attenuation is a challenge; in ePbBi with 8 MHz emissions, difficulties are expected for distances greater than 300 mm. Reducing the frequency reduces attenuation, but at the cost of a corresponding reduction in resolution. Large systems also require lower sampling rates, since the time of flight across the system is greater. And the apparatus described here is unable to maintain 150 °C with currents of 40 A or more.
The present methods can be expanded substantially in the future. Incorporating additional ultrasound transducers into the battery cell would allow for measuring velocity at more locations and/or measuring more than one component of the velocity. Additional thermocouples could give more detailed information about spatial variations of temperature. Though direct contact between the ultrasound transducer and the test fluid yields strong signals, careful acoustic design might allow passing ultrasound through the vessel wall, reducing the opportunity for thermal or chemical damage to the transducer. A wall between the transducer and test fluid might also be treated or conditioned to reduce the adverse effects of oxide in the test fluid. The present methods can also be applied broadly to applications like casting and industrial metals processing. Finally, we intend to expand our work into velocity measurements of active three-layer liquid metal batteries as they charge and discharge.
Disclosures
The authors have nothing to disclose.
